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FUNDAN@NTALS OF THE CONTROL”OF GAS-TURBINE

POWER PLANTS FOR A&RAFT*

FART 11

Principles of “Control’,Common to Jet

~ Tur%ine-Propeller Jet, and Ducted-Fan Jetl

By H. K;hl ‘

After defining the aims and -requirementsto be set for a control
system of gas-turbine power plants for aircraft, the report will deal
w-ith,devices that prevent the quantity of fuel supplied per unit of
timefrom exceeding the value perrnissibleat a given moment. The
general principles of the actuation of the adjustable parts of the
power plant are also discussed.

INTRODUCTION’

In part I of the report (reference 1) of these investigations,
a course of reasoning was pursued and conclusions were drawn, which
make possible a simplified representation of the behavior of gas--.
turbine power plants f’oraircraft under various operating conditions..,‘“
In the present paper those principles of control that are common to
TL, PTL, and ZTL1 power plants will be set forth. The control of
jet engines will,l~ treated in de-tailin the concluding third ‘part
of the report. ~ubsequent reports will deal with inve~tigationson
the “controlof tui%ine-@opeller jet and ducted-fan “jetpower plants.’

—.

*“Grundlagen der Regelung von Gdsturbinentriebwerkenf~r
Flugzeuge. Teil II - Gemeinsame Prinzipien der Regelung bei TL-, P!IL-
und ZTL-Triebwerken.ltDeutsche Luftfahrtforschung,Forschungsbericht
Nr. 1796/2. Deu~sche Versuchsanstalt f. Luftfahrt E. V., Inst. f.
motorische Arbeitsverfahren und ThermodynamikjBerlin-Adlershof, ZWB,
July 9, 1943,

.
l[NACA comment: jet, TL; turbine-propeller jet, PTL; ducted-fan

jet, ZTL.]
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1. TASKS OF CONTROL SYSTEM

A system for control of the power output of’gas-turbine power
plants for aircraft under various operating conditions has substan-
tially the following tasks:

1. In order to avoid any possibility of injury to the engine, it
is necessary to prevent the overstepping either of the permissible
gas temperature ahead of the turbine or of the permissible speed and
to prevent the operation of the compressor in the unstable portion
of its range. Because oyeration of the compressor in the unstable
region always causes a decrease in the power-plant output and an
increase in the specific fuel consumption, such operation iS to be
avoided as far as possible even when the question of direct damage to
the engine is not involved.

2 of the engine, those parts of the com-2. The adjustable parts
ponent units with the exception of the devices for fuel supply, the
setting of which maY be altered during operation, (for example, jet
nozzle, adjustable pitch propeller)j are to be so actuated that, as
far as this is possible without endangering the engine, when the
pilot’s manual control lever is set at “full power” the highest
possible output is actually attained at all possible operating con-
ditions (flight speed, atmospheric pressure, and temperature); and
when set at part load as advantageous a fuel consumption as possible
win be secured, at least under tilemore f’req~~entlYoccurring oPer-
ating conditions.

Some of the requirements mentioned in 1 can generally be
realized in the actuation of,the adjustable parts. Insofar as this
is not the case, the basic means of fulfilling the requirements
mentioned in 1 is the limitation of the quantity of fuel supplied.

The arrangements for a direct limitation of the fuel quantity
are the same in principle for jet, turbine-propeller jet, and ducted-
fan jet power plants and therefore all three will be treated together.
However, under certain circ~stances~ the possibility exists, for
instance with the jet engine} of simplifying the control system by
means of indirect limitation of the quantity of fuel.

For the second task, only certain general principles can be set
forth; the means of carrying out these principles in detail will

2Designated “adjustable regulating devices” in part I.
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differ in the case of each type engine. In this connection, specific
investigationsmust be made to determine which parts it is’necessary

. or,desirable to..makeadjustable.

There are a number of possible variations of the manner in which
the control devices may be set in motion in accord with a movement of
the manual control lever by the pilot. For example, the pilot may
select the quantity of fuel supplied to the engine by movement of the
Power lever; in this case, the devices for limiting the quantity of
fuel, as well as the adjustable parts, are to be actuated ty the
au-bomaticcontrol system. The adjustment may also be such that each
setting of the power lever corresponds to a certain speed to which
the lever brings the motor by altering the amount of fuel supplied.
In accordance with the tyye regulation selected, the control devices
may take various forms; nevertheless, in many cases a part ‘ofthe
control devices can remain unchanged at least in principle.

All.power plants to be discussed here have these features: an
impact scoop, a compressor, a combustion chamber, a turbine that
drives the compressor, and a jet nozzle behind the turbine. Fig-
ure 1 shows a diagram of a jet power plant.

The following

Wo
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3?2) T2

P3> T3

symbols will be used throughout this report:

flight speed, (m/see)

Mach number Oi-flight speed

engine speed, (U/rein)

pressure and temperature of
atmosphere, (atm absolute,
‘K)

pressure and temperature
ahead of compressor, (atm
absolute, ‘K)

1

Based on gas at
pressure and temperature rest at stag-
%ehind compressor, (atm

~

nation point
absolute; ‘K) and given

moment
pressure and temperature
ahead of turbine, (atm
absolute, ‘K)
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P4t T4

T5

‘1

%

3B

‘t

Fd

Cs= ----Fij P.

pressure and temperature
behind turbine, (atm
absolute, ‘K)

temperature behind jet
nozzle, (°K)

volume of air entering
compressor per unit time
‘basedon gas at rest at
stagnation yoint, (m3/’sec)

weight of air per unit
time, (kg/see orkg/hr)

weight of’fue~ ~er unit

time, (kg/see orkg/hr)

fuel-air mixture ratio

thrust, (kg)

specific fuel consumption
(g/kg sec or kg/kg hr)

fIOW area of turbine nozzle
at narrowest point, (m2)

flow area of jet nozzle,
(m2)

thrust coefficient, that is,
jet thrust produced per
unit of turbine nozzle
flow area when PO = 1

% acceleration due to gravity,
(m/sec2)

.— .——.

3Changed from the ~ used in part I in the interest of stand-
ardization.

4Changed from part I with a view to standardization (bs is
lubricating oil consumption).
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RL, % gas constants for air and
combustion gases, respec- ~
tively, (m/degree)

,..-. ....”.-.......

~, ‘G exponents of adiabatic curve
for air and combustion
gasef3,re~~ectively

For certain investigations,a characteristics diagram for the
compressor is necessary, As mch a characteristics diagram was
unavailable, a diagram was computed on the basis of measurements made
b~ the AVA at G8ttingen5 on single stages with the use of simplifying
assumptions~ Figure 2 shows this characteristics diagram, which was
constructed on the basis of the principles of similarity, (refer-
ences 1 and 2) in a form valid for various intake temperatures Tl,
In the diagram, lines of constant value of T3/Tl are plotted,
which, as previously shown, are very well approximated $y Wraight
lines through the zero point, if the flow area of the turbine nozzle
is constant and the gas attains critical velocity,

II. CONTROL DEVICES FOR DIRECT LIMITATION

OF QUANTITY OF FUEL SUI?PLIED

1. Determination of Quantity of Fuel Supplied

The des!re for simplicity has led to the general use in gas-
turbine power plants df fuel pumps, which without means of direct
measurement of fuel quantity (for example, geared pumps and centrif-
ugal pumps) supply a greater quantity of fuel than is needed; the
excess fuel flows off through an overflow valve. In contrast to the
Otto engine in which the regulator controls the quantity of fuel per
working cycle, here the regulator controls the quantity of fuel per
unit time,

5The results were very kindly placed at my disposal by Diplom-
Ingenieur Encke, for which the most cordial thanks are herewith
expressed. The blade form used as the basis of the calculationswas
chosen because of the flatness of the corresponding characteristic
curves. Other forms would have yielded greater pressure heads. As
a margin of safety in practical designing, the efficiency coefficients
were chosen somewhat smaller than the measured values.,.,,...,,.

—
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me alteration of the quantity Of f~~elinilectedin~~ the combus-
chamber is most simply accomplished by altering the injection

,pressure,that is, the yressure difference at the injection nozzless
Only if the atomization became too poor when small fuel quantities
were being used, would it be necessary to use regulation by means of
alteration of the nozzle flow.area (a].terationof the area of each
nozzle or cutting in and out of one t)iamore nozzles) with or without
simultaneousalteration of the injection pressure. As long as regu-
lation is not required to accomplish an exact and direct determination
of the quantity of fu~l per unit time, it will suffic~~ if at the
appropriate times, the setting of the overf~-owvalve or of the
injection-nozzleflow area is altered in the required direction.
However, an exact determination of the quantftY of fuel Per unit
time is a prerequisite of some of the arrangements to be subsequently
described and therefore the possible means of accomplishing this
determinationwill be investigatedfirst.

.,

The quantity of fuel per unit time is fundamentally determined
by the pressure difference at the injection nozzle-sand the nozzle
flow area. However, it is not immediately certain that control by
means of these factors is sufficientlyexact or reliable in view of
the danger of the malfunction of an individual nozzle, for example,
by clogging. More favorable conditions for control will be obtained
if the pressure drop at some constriction in the fuel line is used
for the evaluation of the quantity of fuel being supplied, as shown
in figure 3.

In this fuel line, between the pump a and the injection
nozzles b ‘aconstriction c is inserted, the flow area of which
may be varied by axial movement oE’the throttle unit d. By means
of a diaphragm e or similar device upon which the pressure dif-
ference at the constriction operates) an overflow valve f ahead
of the constriction is so adjusted (either directly or with the aid
of a servomotor) that the pressure difference at the constriction c

6 At the ~on~tant pressure drop in the constriction}remains constant.
each value of the flow area at the point of constriction then corre-
sponds to a particular quantity of fuel flowing through per unit

61nstead of altering the flow area of the constriction, the value
of the precsure difference to be maintained at the constrictionmay be
alteredj the constriction area remaining’th~ same. However, very Small

pressure differences would then be obtained at low fuel consumptiofis
so it would lecome difficult to keep within the permissible limits of
error. The same statement apylies to the utilization of the pressure
drop at ‘~heinjection nozzles to accomplish reflulation.
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time.’ In the model design shown, the pressure differenceat the
injection nozzles is indirectly varied by the regulator. If it is
desired to regulate the injection-nozzleflow area at the same time,

~ this-regulationmay also be controlled by the diaphragm e.

An exact determination of the quantity of fuel supplied per
unit time is ne.oessa,ryprimarily when a limit must be set by the
regulating arrangements, described subsequently,to the variation
of the quantity of fuel. In the rest of the ‘range,an exact
measurement of the quantity of Tuel supplied is of-tennot required;
the quantity of fuel in that case may be set by means of a si~ple:
overflow valve g between the pump and the constriction c. The
regulator h will then set the flow area of theconstriction c at
the value coi-respondingfrom moment to moment to the maximum permis-
sible fuel quantity and the overflow valve f will oyen only when
this maximum permissible fuel flow is reached.

If an exact control of the quantity of”fuel per unit time is
required throughout the entire ra,nge,this control must be effected
by movement of the throttle unit d. Fuel limitation by the regu-
lator may occur through a system of levers in a manner similar to
the limitation of the thi~ottlevalve opening by the pressure regulator
in the Otto engine; the re~ulator may change the position of a stop
that would directly limit the variation of’the quantity of fuel,
which could be selected, to the max3mum permissible quantity at each
instant. The force required to be exer-tedthrough the regulator
under these arrangements is, in general, greater than in the arrange-
ment shown in figure 3.

2. Limitation of Gas TemperatLlreAhead of Turline

Because in the range of temperatures in question the strength of
turbine-blade material drops markedly with only a small increase in
temperature, a reliable means of preventing any overstepping of the
permissible blade temperature,which corresponds for practical pur-
poses to a certain gas temperature ahead of the turbine (reference 3), ,
is of great importance. In order to obtain actually at every oper-
ating state the highest output that is attainable only with the

7Account of the temperature of the fuel is unnecessary for the
quantity of’fuel flowing through varies only with the square root of
the density and the errors thus caused, which are in any case small,
may be partly canceled if the regulator valve is suitably constructed
as a nozzle by the simultaneousvariation of the outflow coefficient
with Reynolds number.

I ,,I ., , , . ,, ,,, .,.,, . ,-,., -...,---- -.,,, M,---... ---,--I-
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highest permissibl-egas temperature, it is imyortant that the temper-
ature shall not fall su%stantialUJbelow this maximum at full power.
Consequently,an exact control of the gas temperature ahead of the
turbine will be found necessary.

A direct control.of the gas temperature by means of a temperature-
sensitive device is certainly possible but involves certain difficul-
ties, particularly because in this case a very rapid adjusting action
is ab~olutely necessary. Electrical apparatus inayseem the obvious
answer but is generally very delicate and therefore apt to cause break-
downs. For example, .a sort of vapor-pressure thermometer using
mercury or amalgam for a lower range and rubidium, cesium, or potassium
for a higher range of temperatures might also be considered. A dis-
advantage of most such temperature-sensitivedevices is their inertia}
which may allow considerable, although brief, rises in the gas tem-
perature above the permissible figure :duringacceleration.

The development of suitable equiyment for the determination of
temperatures of this magnitude constitutes a problem in itself and
will therefore not be treated further here. Such equipment is
unnecessary because an indirect determination of the gas temperature
is possible with relatively simple means. The systems to be described
subsequentlymay be used independently of the other control arr2mge-
ments; in combinationwith other arran~emen%s under appropriate
circumstances simple methods based on other principles may also,be
defined for limiting the gas temperature (for example, in the jet power
plant).

As shown in figure 4, the quantity of fuel supplied per kilogram
of air, that is, the fuel-air mixture ra-~io m necessary to heat the
gas from the temperature T2 behind the compressor to the constant
maximum temperature ahead of the turbine T3max varies in approxi-

mately linear proportion with the temperature T2. If the critical

velocity is reached in the turbine nozzles — at lesser outputs the
tur’binegenerally is in no danger8 — at the constant gas temperature

~3max) the mass flow of gas, and with it very nearly the mass flow of

8An overstepping of the maximum permissible gas temperature at
very low power output, that is, at low s~eed, can occur for only a
few seconds at the most during acceleration and is certainly not
dangerous in those circumstances.
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air, is proportional to the pressure p3 ahead of the turbine.g
Consequently, for a given pcwer plant the maximum permissible fuel
quantity per unit time -%x may be formulated as.

%X = CI.P3 (C2 -Tz)

where Cl and C2 (also Cl’, C2’, C2° herei~fter) are constants.

This product can easily be made to govern the fuel settings, for
e~mple, by an arrangement like that in figure 5. The tempeltature-
sensitive device a, shown in the form of a bimetallic strip, pro-
vides an adjusting motion approxi~tely proportional to the temperature
T2; the pressure.capsule b provides a setting proportional to the
pressure p3; the setting of the plug c ‘by which the flow area of
the constriction e in the fuel supyly line f is regulated, aa
previously described in connection with figure 3, is proportional to
the product of p3 and (CZ - T2) (reference 4, p. 19). A servomotor
to provide extra power is proba,bl.yunneces~ary here.

Instead of ascertaining the pressure and the temperature by
separate meansj a gae-fil~ed capsllle(reference 5, p. 38) might be
used here also. On the other hand, the measurement of the absolute
pressure may be replaced very simply by the measurement of a pressure
difference, for example, as follows: Behind the compressor a small
quantity of air is allowed to escape into the atmosphere through a
divergent nozzle provided with pl-essure-measuringmeans near its
narrowest cross section where the critical velocity exists. In the
range in question, the pressure difference at the measuring point,
as corn-paredto P~, is very nearly proportional to the absolute

Pressure P3 and can therefore be used for regulation.

At a given turbine speed and at constant temperattlreahead of
the tur~in.e,the temperature T2 behind the compressor is clearly a
function of the temperature ahead of the compressor and therefore the
temperature T1 may even by used for regulation instead of the

9
#

The simplifying approxi~tions, devised for the treatment of
the power plant as a whole in part I of this report, are not used in
the investigation of the control of fuel quantity carried out in
this part; therefore, the errors in the characteristic values that,
were pointed out there do not occur here.
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temperature T2.10 In reference to a compressor having the character-
‘i ure 6 gives as a function ofistics shown in figure 2, . g T1 the

quantity of fuel per kilogram of air required for heating the gases
to a constant tem.pemture T3 (T3 = 800° C), which falls fn almost
linear proportion with increasing temperature .Tli Hence, regulation
may le based on the equation

%aX = Cl’ p3 (Cz’ - Tl)

The same device (fig. 5) is used as for regulation by T2, the only

required changes being in the adjustments corresponding to the various
constants. The use of the temperature T1 for regulation has the
advantage that the temperature-sensitivedevice may react rather
slowly because the variations in T] will be slow and there will be
considerable freedom in the design and installation of the temperature-
sensitive device because air at the temperature in question is avail-
able in any desired quantity. For this reason, temperature-sensitive
devtces of stronger constructionmay be used. ‘

With this type of regulation, the maximum temperature occurring
ahead of the turbine is equal to the uiaximumpermissible temperature

‘3max only at maximum speed; at lesser syeed, the maximum temperature

is somewhat lower, corresponding to the smaller temperature rise in
the compressor.11 In the equilibrium condition, this temperature
rise in the compressor is without effect when the highest temperature
is attained only at the highest speed, whereas at lower speed} a lower
gas temperature T3 is automatically established. In this case,

only during acceleration does this decrease of temperature involve a
certain sacrifice of power, that is, a decreased acceleration. In
the jet power plant, for example, the temperature T3 falls very

rapidly with decreasing power output, as will be shown in part 111,
Even here the decrease in acceleration is not serious. The behavior
of turbine-propeller jet and ducted-fan jet power plants has not yet
leen investigated in this respect.

l-%se of the pressure pl for regulation instead of p3 is

also fundamentally possible; however, in such a system the influence
of temperature variations becomes very marked — corresponding in
effect to the curve of m(y2/pl) in figure 6 — therefore regulation
in accordance with the pressure p3 is generally to le preferred.

llT.Jndercertain circumstances,this rise in the compressor may
even be desirable because with decreasing speed the blade temperature
increases, although the effect of this increase tends to be counter-
acted by the reduction of centrifugal stresses.
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If it is also desired to maintain accurately the maximum tem-.
perature
by taking

,.

Thus only
perature,
in figure

T3mx at lower speed, this maintenance can be done easily
into account the speed, namely by basing the regulation on

%aX = cl’ p3 [c~” -Tl +f(n)]

the effect of syeed must be superimposed on that of tem-
for example,,by shifting the temperature-sensitivedevice
5 in accordance with a function of the speed or by using

the regulating system shown in figure 8, which will be described -
subsequently.

Because the effect of the temperatures Tl or T2 on the
quantity of’fuel to be controlled is not very great, they may be
disregarded entirely and the regulation of the maximum permissible
quantity of fuel based solely on a function of p3. Figure 7 shows
the errors thus introduced in a compressor having the characteristics
plotted in figure 2. For a temperature difference of 309 C from Ina
[NACA comment: International standard atmosphere], the errors are
in this case of the order of magnitude of 5 percent; the flight speed
has little effect. In order to be certain of avoiding any overstepping
of the permissible gas temperature ahead of the turbine, the setting
for any given pressure p3 must correspond to a quantity of fuel
small enough to allow for the maximum possible atmospheric temperature.
Consequently,when atmospheric temperature is actually lower than
maxim~, a smaller quantity of fuel is supplied and hence a lower
power output obtained than would be the case if air temperature was
made a factor in the regulating system.

When the requirements of accuracy of regulation are high, this
system is inappropriate;the simplification obtained is not great
because the necessity of an exact reponse to pressure remains,
whereas the response to temperature need not be so exact.

3. Limitation of Speed

A limitation of the speed by limiting the quantity of fuel
supplied may be attained in the following simple manner: when the
permissible speed is exceeded, a tachometric control opens an over-
flow valve in the fuel line to the injection nozzles; this arrange-
ment can be made with familiar constructional elements.

Even when the speed is already sub~ect to other controls, this
limitation of the quantity of fuel may be necessary to avoid a brief
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overstepping of the permissible syeed dutii% the rewonae yeriod of
the other regulating arrangements if those arrangements are sulject
to noticeable inertia; also an auxiliary means of limiting the speed
seems advisalle a~ a safeti~measure.

4. Avoidance of Unstable Region of

Compressor Operatin&”Range

If the volume of air drawn into the compressor falls below a
certain value that is dependent upon the speed and temperature

(n/v@~) at any given moment; in individual,stages of the compressor

a breakdown of the flow over the hades accompanied by a marked drop
in pressure head and efficiency arises. Stable operation is then no
longer possible. The dash-dot line in figure 2 shows the limit of the
region of stable operation in the characteristics diagram. Beyond the
unstable region, there is at smaller values Of V1/./~l another

stable region, which is not s~lom in the diagr~” as it is of no impor-
tance because of the poor efficiencies and low pressure heads.

Even if operation of the compressor in the unstable region would
not lead to any damage, avoidance Of this region is still important
because of engine output. This precaution also applies to the brief
period of acceleration because in the unstable region a reduction
rather than an increase in speed might occur because of the droy in
yressure head and efficiency of the compressor.

l%ene difficulties wili arise only if’the boundary curve lies at
the edge of the region in which the compressor actually operates.
This position of the curve is not the case, for e~ample~ in the char-
acteristics diagram shown in figure 2, which is based on blade forms
deliberately chosen as being especially favorable in this respect.
The diagram is, however, questionable and must therefore be tested by
experiment to determine whether a generalization is permissible here.

With customary compressor design, an unstable condition generally
initially arises in the first or last”stage (boundary curve above or
below the break, respectively, in fig, 2).;this unstable condition
usually occurs when in the stage in question the flow coefficient @,
that is, the ratio of mean axial velocity at the inlet into the rotor
to peripheral velocity, falls below a certain value (more or less
dependant upon Mach number and possibly also on Reyn>lds number).

When critical velocity is attained in the turbine nozzles, the
flow coefficient @ of the last stage is nearly proportional to



ITACATM No. 1143 13

T2/n Snfi’ in which Cn is the compression ratio in the last stage,
With a given change of temperature ahead of the compres~or, the tern-
perature behind the compressor changes relatively less the higher the. ,. .
~re’ssurehead. A change In sp@ fna compressor having a large
pressure head (~d about 20,000 m) will be large].ybalanced by the
simultaneous change in T2; consequently,avoidance of operation of
the last stage in the unstable region in compressors of higher pres-
sure heads will generally be easier than in those with lower adiabatic
heads.

The relations are less f,avorallein the first stage? the flow
coefficient of which, at critical velocity in the turbine nozzles, Is
a~proxiniatelyproportional ,to (y2/pl) T1/n,/~. A change in T1
corresponds to a change in p2/pl in the opposite direction; a
change in
As a rough
respect to
heads; n
heads. At
especially

n results in a cha~e in p2/pl in the same direction.
estimate shows, TI and >2/P1 cancel each other in
their influence on the flow coefficient at medium pressure
and p2/pl already counterbalance at very low pressure
great pressure heads, the influence of p2/pl predomi~tes~
over that of n and more so in proportion as the pressure

head of the compressor increases.

Thus in the region of lower speed, the boundary curve will shift
closer to the normal operating region of the compressor in proportion
as the pressure head is larger Furthermore, a drop in the inlet
temperature T1 produces a decrease in .amallpressure heads and an
increase in the distance between the normal operating region and the
lower part of the boundary curve (the Tart determined by the first
stage) in large pressure heads~

Consequently, special.measures become necessary in many cases,
particularly with compressors having high pressure heads} to limit
the operating range of the -powerplant to the stable region of com-
pressor operation in equilibrium condition and especially during
acceleration. This limit may be accomplished most simply by limita-
tion of the gas temperature ahead of the turbine, that is, by limita-
tion of the quantity of fuel supplied.

In order to reach high power output as rapidly as Tossible when
accelerating, it is again desirable to make full use of the permis-
sible operating range, that is, to regulate as exactly as possible in
accordance with the boundary curve of the compressor-characteristics
diagram. .,Sucha form,of regulation may be derived from the following
considerations:
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,Fromfigure 2 it is at once apparent that the permissible tem-
perature ratio T~/Tlj as determined by the boundary curve> is a

function of n/fll. Because the fuel-air mixture ratio m is

depef~dentonly on T3 a,nd T2 and because T2/Tl is also a function
of n[~ Tl,

—
for & particular po~~erplant the following applies at

the boundary curve:

‘=f(?jk)=f’(’”n)
Tf’critical velocity isattained in the turbine nozzles, then as
previously described, the correspondingboundary value of the quantity
M fuel per unit time %x is proportional to m(p3).

Regulation on this basis may be accomplished in a simple manner
(f’ig.!3) with the aid of a cam surface a, which is revolved ap~roxi-
~te~_y in -pIaoportionto the speed and shifted axially in proportion

to T1 by the temperature-sensitivedevice b; the cam action of
the mrface displaces the lever c. Thus each speed and each.temper-
ature produces a certain setting of the lever c that is proportional
to the value of m. The multiplication of the value of n with the
pressure T3 occurs in the same manner as previously indicated for
the limitation of.the gas temperature ahead of the turbine.

Because it is also true in the case of limitation of the gas
temperature T3, that the permissible fuel quantity %x is Propor-
tional to m(p3) and th? mixture ratio m fS a function of TI. @
n, the limitation of the gas temperature may be carried out with the
same regulating device by using an appropriate development of the cam
surface a. Thus the system of regulation according to figure 8 at
the oznnetime replaces that of figure 5.

In the region of very low speed in which critical velocity is not
attained in th~ turbine nozzles and in Whichj consequentlY~ the method
of regulation described no longer serves its purpose, operation of the
first stage of the compressor in the unstable region is in general
ucarcely serio’us. In particular, the last stages of the compressor,
operating in the region of negative pressure heads, constitute,in
such a case a strong influence toward stabilizationbecause a decrease
in pressure head and efficiency in the first stages is in yart
canceled by a corresponding increase in the last stages.
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III. THEORETICALLY

1. Conclusions
,,-----.,. .,. ,,.,..,.

.
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EXACT CONTROL OF ADJUSTABLE PARTS

From Principles of’Similarity

In order to enable the closest possille accommodation of the
power plant to the operating conditions at each given moment, certain
parts of the power pl’antare usually designed adjustable, for example,
the jet nozzle of the jet engine, In this section, the control of
these “adjustable parts” will first be treated theoretically on the
basis of general considerationsand, in,particular, of the principles
of similarity greaented in.part I and also under the assumption that
the requirements of best possible utilization of fuel at part load
and maximum possiblG power output, when set for full load, are to be
exactly fulfilled under all possible operating conditions. In the
practical design, compromiseswill be made and the regulating system
will be very much simplifiedbut it is first desirable to obtain a
clear insight into the fundamental relations by study of the ideal
case.

From this point on, “adjustable parts” will be understood as
those controllable parts of the power plant by which the flow within
or into the power plant is directly influenced; the fuel-supyly
devices are not so classifiedas the fuel supply takes effect
indirectly through the temperature rise in the combustion chamber.
Adjustable parts are, indeed, not fundamentally necessary but it is
clear that because of the better accowodation to various operating
conditions either a higher power output, better fuel utilization, or
both can generally be obtained. The question whether a particular
part of an engine should be designed adjustable is to be decided by
a test check, mathematical if necessary, to determine if the gain
will be worth the cost.

As was shown in part I, at given settings of all adjustable
parts of a given power plant the determination of two independent
characteristicvalues, in effect, determines all other characteristic
values. The dimensionless quantities such as ratios of pressure, tem-
perature, and velocity, and Mach numbers, efficiencies, and char-
acteristic values derived from these, such as n/~, as well as
the characteristicvalues for thrust and for specific and absolute
fuel consumption are included as characteristicvalues.

The first case consideredwill be that in which the power plant
has one adjustable part, for example, the jet-nozzle flow area in the
set engine. Whereas two characteristicvalues, for example, the Mach
number of flight speed Ma. and n/~T~ may be chosen at will, a
third, the temperature ratio T3plj must be so determined by the
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setting of the adjustable part from moment to moment that for every
yalue 01 power output the least possible fu”elconsumption is attained.
So long as spe~d and gas temperature rem.in below the permissible
maximum, the adjustable part is to be regulated as a function of two
independent characteristic values, fcr example, P1/Po and n/~c
Shculd one of these boundary values Ye reached, the regulator must
generally keep this value conataat with rising power output until the .
second %oundary value is also reached.

If the design includes the arrar~ements described in the pre-
ceding section for the direct limitation ox the quantity of fuel per
unit time: these arrangements will prevent an overstepping’of the
sTeed and the quantity of fuel permissible at each instant. However,
care must be taken that at full-power setting the ~imw speed and
maximum gas temperature T31nax are actually attained. Because of the
variability of Tl, the characteristics T3/Tl and n/fi assume

various values for %x = constant and also for T3UX = constant

and therefore the operating conditions at the boundary curve are no
longer similar.

fuel
case

Various relations result according to whether the speed or the
supply is, within the pe~is~ible limits, arbitrarily set. The
of speed control will ‘beexamined first.

2. Direct Control of Adjustable Part

In Selection of Fuel Flow

If, as is practically always the case with the TL power plant,
under all operating conditions the speed limit is the first condition
to be reached as power output rises? the gas-temperature limit being
reached only later; then after the speed limit is attained, a regu-
lation of the adjustable part that will keep the speed constant will
suffice. Because in the transition to higher power, a temporary
excess of turbine power due to the temporary rise in gas temperature
as a result of increased fuel f’lowis available, the hi~her power
ou’iyutautomatically establishes itself.

However, if in one part of the operating range the maximum tem-
perature is first reached as the power output rises and only there-
after the maximum speed is reached, additional means must be provided
to insure t~t
the adjustable

aa the maximum permissible gas temperature is approached
part is so moved that the speed increases. Without

I
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such additional means, after the maximum gas teinperaturewas reached
afurther increase in the quantity of fuel that would produce an

.,.......~ncreaseof speed would be impossible.—.. -. ,.= .,– ..... .,,... . ... ...—

A diag.-amof a system for theoretically exact regulation according
to these principles is presented in figure 9. The quantity of fuel is
here determined by the power lever a in the fuel-injection system b;
this system simult~eously prevents an overstepping of the maximum
quantity of fuel in the manner previously described (figs. 3, 5,
and 8), The source of control for the adjustable part R is the
cam surface c, which revolves about the axis d @ proportion to

n/~T~, shifts axially in proportion to pl/po, and “displacesthe
lever e. The rod, i’ moves the ad.justabIepart, yossibly with the
aid of a servomotor. The fulcrum of the lever e at the end of the
rod h remains fixed so long as the speed does not exceed the maximum
speed ~~:, When this maximum speed is exceeded, the very sensitive

tachometric control device g displaces the rod h, carrying the
fulcrum of lever e from the fixed rest i and thereby so shifting
the adjustable part that the speed remains approximately constant.

Should the maximum permissible gas temperature be reached before
the maximum speed, then, as indicated by the rod k shown as a dashed
line, immediately before the mechanism that limits the quantity of
fuel by opening the overflow valve f in figure 3 begins operating,
the rest i is dis-placedupwardly whereby the adjustable part is so
shifted that the speed is increased.

3. Direct Control of Adjustable Part In Selection of Speed

IY the power lever is so arra~ed tkmt its movement selects the
speed rather than the quantity of fuel, the control of the adjustable
part during operation below the maximum speed and the maximum per-
missible gas tem~eraturewill naturally re~in basically the same as
in the pilot’s manual selection of fuel flow. The quantity of fuel
will now be so regulated as a function of the speed that the selected
speed will take effect. Conversely) there will be substantial changes
in the system of regulatiorlafter the maximum speed or maximum per-
miscible”’quantity of fuel is reached. Here the value for T3/Tl,
n/~ill, or both corresponding to the minimum specific fuel consump-
tion at each mount cannot be put into effect, instead the value
T3/Tl, n/ ~~, or both corresponding to the desired power output
~svaried independentlyof the.other quantities;.,consequently, in.
this case the setting of the qd,justablepart is dependent upon three
characteristic values P1/PoY n/~~, and T3/Tl.
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If the maximum syeed is reached before the maximum permissible
gas temperature, with further increase of output the adjustable part
is to be shifted in the direction of increasing output, starting
from its position (dependent on. T1/Po and Tl) w~len~xim~ speed
was reached. The l+mit setting for maximum output ~%ax~ ‘3max)
that must be Tut into effect by the regulating system is also depend-
ent upon pl/po and T1.

An exact description of the layout of such a system of regulation
will not be made because for theoreticallyexact fulfillment of the
requirements an exact description would be quite complicated; in
practice, however, considerable simplificationis possible with prac-
tically no adverse effect on the over-all result. Such a simplified
~egulating system for the jet engine is presented in figure 8, part III.

If the maximum permissible gas temperature is reached before -the
maximum speed, no special measl~resare necessarY for control of the
adjustable part under the assumption, which is probably always correct,
that,at the maximum permissible gas temperature with a given setting
of the adjus-tablepart and a decreasing speed,excess turbine power,
which is not especially important, exists. In the region in which
the necessary arrangements for the direct limitation of the quantity
of fuel come into operation, the actual speed is less than that
selected through the speed regulator.

4. Indirect Control of Adjustable Part

Instead of directly controlling the adjustable part by the regu-
lating system! control is also possible in terms of the speed or of a
characteristicvalue that varies markedly with the speed in such a
manner that the speed asslues at each moment the required value, If,
for example, the power lever is arranged for direct selection of the
quantity of fuel,the value of n/~T~ may le so determined as a

function of a characteristic value of the quantity of fuel per unit
time, B/p3~ or B/y3T (see part 1) and of the pressure ratio

l?l/Po that the Specif’i,cfuel consumption attains its optimum value.

Movement of the adjustable part under the control of n or njd%

will then establish the value of n or n/ ~f~~ determined at each

given moment. If the ~ilot’s manual controllever is arranged to
select speed, the regulating system may in the same manner determine
the chamcteristic value of the quantity of fuel as a function of
n/& and P1/Po~ and the setting of the adjustable part may again
be governed by the speed.
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With regard to regulation after the maximum speed or the maxi-
mum permissible quantity of fuel has been reached, the same consid.
e~ations apply as previously set forth in the direct control.of the

....adlug?ablqpart.

The system for the direct limitation of quantity of fuel may
in this arrangement be combined with the system for detenuination of
the characteristic value of the quantity of fuel per unit the.

5. Control of Several Adjustable Parts

Later investigationswill show whether it will prove necessary
or desirable to make several parts of turbine-propeller jet and
ducted-fan jet power plants adjustable, for example, the Jet-nozzle
flow area as well as the propeller pitch,

Theoretically, if there are two adjustable parts both should
be governed by two suitablo characteristic values, for example,
P1/Po and n/&~ that is, by different functions oi’these two

quantities. In figure 9, for example, two different but commonly
actuated cam surfaces must be provided for the two adjustable parts,
however, strictly speaking, the speed limitation would be different
for the two adjustable parts and would be a function of pl/Po.

The displacement of the fulcrw of the lever e in figure 9 ihotid.
thus be accomplished by an additional cam surface for each of the
adjustable parts, these swrfaces expressing furwtions of pl/po

and of the &peed n (not quite the sae as %x). In practice,

however, much simpler arrangements can.presumably be used, therefore
any more detailed discussion of theoretically exact regulation may
be omitted.

SUMMARY

It is shown how an overstepping of the permissible gas temper-
ature ahead of the turbine, of thtspe~issible speed, or when nec-
essary evefithe operation of the compressor in the unstable ~’egion
may be prevented i.na simple manner b~ limitation of the “quantityof
fuel. For the determination of the quantity of fuel supplied per
unit the, it is appropriate to use the pressure drop at.a point of
constriction with controllable flow area, whj.chis built into the
fuel line. On the basis of the investigations, possible means are
suggested and visualized as schematic designs for the direct limi-
tation of the quantity of fuel. These proposals are based on the
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following considerations: The quantity of fuel per unit time with
which the maximum temperature ahead of the turbine is attained is
proportional to the product of the yressure ahead of the turbine and
a practically linear function of the temperature behind the compressor
or is a product of the temperature ahead of the compressor and, for
example, the speed; therefore the limitation of the quantity of fuel
when maximum temperature ahead of the turbine is reached can be
accomplished in terms of these quantities. The quantity of fuel at
which the unstable operating region of the compressor is reached is
also proportional to the product of the pressure ahead of the turline
and a function of the temperature and the speed. If consideration
of the unstable operatj.ngregion of the compressor Is necessary, the
same setup may be used for both problems. Such a regulating system
may }e applied to jet, turbine-propeller jet, and ducted.fan jet power
plants. If only limitation of the gas temperature in equilibrium con-
dition is required, simple means in conjunctionwith the other regu-
lating devices, if desired, may be devised for this puryose; these
means will be discussed in subsequent reports.

On the basis of the principles of similarity, some general
principles are derived for a system of exact regulation of the adjust-
able parts of a power plant (for example, jet nozzle and adjustable-
pitch propeller), which at part load will give the theoretically opti-
mum value of specific fuel consumptionand when set for full power
will.give the highest possible output. According to these principles,
for the attainment of the theoretical optimum value of specific fuel
consumption the adjustable Tarts are to be regulated’in accordance
with functions of two characteristicvalues, for example, the pressure
ratio in the impact scoop and the quotient of speed divided by the
square root of the temperature ahead of the compressor, until as power
output increases the maximum permissible gas temperature ahead of the
turbine or the maximum speed is reached. An indirect control of an
adjustable part governed by the speed or by a characteristic value
that varies markedly with the speed is also possible. Upon further
increase of power output, the gas temperature or the speed, depending
on which shall have reached its limit, requires controlling, The
considerationsbearing upon this function in each different arrange-
ment are considered in detail.

Translation by Edward S. Shafer,
National Advisory Committee
for Aeronautics.
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Figure i. - Diagram of turbojet power plant.
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lifle S T3/Tl are valid for constant turbine-nozzle area at critical velocity.
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Figure ?). – Diagram of arrangement for determination and
limitation of quantity of fuel per unit time.
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Figure 4. - Fuel-air mixture ratio m at constant gas tem-

perature ahead of turbine ‘3max = 8000C as function of

temperature T2 behind compressor. Efficiency of combus-

tion chamber rjb = 95 percent.
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Figure 5. - Diagram of arrangement ‘or ‘imitation ‘f ‘“e’

quantity supplied at maximum permissible gas temperature,
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Figure 8. - I)i ag ram of arrangement for limitation of quantity

of fuel supplied at boundary of unstable Operating region

of compressor and at maxim~m permissible gas temperature.
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Fig. 9

cm
Figure 9. - oiagrarn of system of theoretically exact control

Of adjustable part I? when pilot!s manual control lever
directly governs quantity of fuel.
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